The alternative factor 54 is required for the biogenesis of both the flagellum and the stalk in Caulobacter crescentus. The DNA sequence downstream of the 54 gene (rpoN) has been determined, revealing three open reading frames (ORFs) encoding peptides of 203, 208, and 159 amino acids. ORF208 and ORF159 are homologous to ORFs found downstream of rpoN in other microorganisms. The organization of this region in C. crescentus is similar to that in other bacteria, with the exception of an additional ORF, ORF203, immediately downstream from rpoN. There is a single temporally regulated promoter that drives the expression of both rpoN and ORF203. Promoter probe analysis indicates the presence of another promoter downstream from ORF203 which exhibits a temporal control that is different from that of the rpoN promoter. Mutational analysis was used to address the function of the proteins encoded by these three downstream ORFs. The mutations have no effect on the transcription of previously known 54 -dependent flagellar promoters except for a slight effect of an ORF159 mutation on transcription of fljK.
The aquatic bacterium Caulobacter crescentus exhibits cellular differentiation as a consequence of temporal and positional expression of genetic information (4) . This results in an asymmetric predivisional cell that divides to give a motile swarmer cell and a sessile stalked cell. The asymmetry of the predivisional cell is exemplified by the biosynthesis of two different polar structures, the stalk at the pole previously occupied by the flagellum in the swarmer cell, and subsequently the flagellum at the incipient swarmer pole of the predivisional cell. The biogenesis of both these polar structures requires the factor 54 , encoded by the rpoN gene (5) . An rpoN::Tn5 mutant of C. crescentus displays a pleiotrophic phenotype, exhibiting defects in cell division and lacking flagella and stalks. 54 is required for the transcription of many of the genes encoding flagellar proteins. However, the role of 54 in stalk biosynthesis and cell division is still unknown.
In most gram-negative bacteria where the rpoN region has been sequenced, at least two conserved open reading frames (ORFs) are found downstream of rpoN (25) . The conserved genes downstream of rpoN have been implicated in modulating the activity of 54 through an unknown mechanism. In Klebsiella pneumoniae, these ORFs are thought to negatively affect 54 activity, as mutations in either of these ORFs result in an increase in the expression of 54 -dependent nif genes (26) . In Pseudomonas aeruginosa, ORF2 mutants display the same nutritional requirements for growth on minimal medium as the rpoN mutant (16) . This suggests that ORF2 functions as a coinducer of some 54 -controlled genes. Initial sequencing of regions upstream and downstream of rpoN in C. crescentus indicated the presence of ORFs similar to ones genetically linked to rpoN in other bacteria (5) . As rpoN functions as a global regulator of cell differentiation in C. crescentus, we wanted to investigate whether the genes downstream of rpoN play a role in modulating 54 activity and, by extension, cell differentiation in C. crescentus.
In this work, we describe our analysis of genes downstream of rpoN in C. crescentus. An ORF, ORF203, which lacks counterparts adjacent to rpoN in other gram-negative bacteria, is found immediately downstream from rpoN in C. crescentus. ORF203 is followed by ORF208 and ORF159, which are homologous to ORFs found downstream of rpoN in other bacteria. Promoter probe analysis indicates that rpoN and ORF203 are cotranscribed and that there is an another promoter downstream from these genes that transcribes either ORF208 or ORF159 or both. The role of the three proteins encoded by genes downstream of rpoN was analyzed by mutational analysis. Our results indicate that ORF203, ORF208, and ORF159 are not directly involved in the morphological aspects of cell differentiation in C. crescentus. ORF159 is involved in modulating expression from one of the 54 -dependent flagellar promoters.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Strains and plasmids used herein are described in Table 1 . Escherichia coli strains were grown at 37°C in Luria-Bertani medium supplemented with ampicillin (100 g/ml), tetracycline (12 g/ml), kanamycin (30 g/ml), or spectinomycin (100 g/ml) as necessary. C. crescentus strains were grown at 30°C in either peptone-yeast extract (PYE) medium (28) or M2 minimal glucose medium (M2G) (17) supplemented with nalidixic acid (20 g/ml) and kanamycin (20 g/ml), tetracycline (2 g/ml), spectinomycin (25 g/ml) or 0.02% Calcofluor as indicated.
DNA sequence analysis. DNA sequencing was done by the dideoxynucleotide chain termination method (35) on double-stranded templates isolated by using Qiagen kits. Sequencing was performed by using a modification of the Sequitherm (Epicentre, Madison, Wis.) protocol by LiCor (Lincoln, Nebr.). The following program was used: 5 min at 95°C, followed by 30 cycles at 95°C for 30 s, 60°C for 30 s, and 72°C for 1 min in the presence of M13 reverse or M13-29 forward primers labeled with IRD41 infrared dye. Reactions were run in the Institute for Molecular and Cellular Biology at Indiana University on the LiCor automated sequencing apparatus. BaseimageIR version 1.03 software was used for automated base calling. The DNA sequence was analyzed with the package of the Genetics Computer Group of the University of Wisconsin (6) and a C. crescentus codon usage table (36) .
Analysis of promoter activity. Different promoters cloned upstream of the promoterless lacZ gene in pRKlac290 were analyzed in wild-type and mutant backgrounds, and fragments spanning different regions around rpoN cloned into pRKlac290 were also examined for promoter activity in NA1000. The ␤-galactosidase activity of these plasmids was measured at 30°C as described elsewhere (27) except that cells were permeabilized with chloroform. Assays were done in duplicate on a minimum of two independent exponentially growing cultures in each case.
To examine temporal regulation of promoter activity, cultures were grown in M2G with tetracycline, and swarmer cells were isolated by Ludox density cen-trifugation (11) and were resuspended in fresh M2G medium at an optical density of 0.4 at 600 nm. Every half hour, the cell cycle was monitored microscopically. Culture samples of 1 ml were removed and labeled with 15 Ci of [ 35 S]methionine (Trans-label; ICN Radiochemicals) for 5 min, collected by centrifugation, and frozen at Ϫ20°C. Cells were lysed with wash buffer (50 mM Tris [pH 8.3] , 450 mM NaCl, 0.5% Triton X-100). The level of radioactivity of each sample was determined by using a small volume precipitated with 10% trichloroacetic acid and collected on glass-fiber filters. Equivalent counts of radiolabeled protein were then immunoprecipitated by using an antiflagellin antibody (as an internal control to monitor the synchrony by following the progression of flagellin synthesis) and an anti-␤-galactosidase antibody (Boehringer Mannheim). Samples were separated on sodium dodecyl sulfate-10% polyacrylamide gels, and the gels were soaked in AMPLIFY (Amersham) or En 3 hance (DuPont) to amplify the 35 S signal. The gels were dried prior to exposure to a phosphorimager screen and/or Kodak X-ray film.
Generation of gene disruptions. pRJ20, containing the 300-bp SmaI-BglI fragment internal to ORF203 cloned into the vector pBGST18, was introduced into NA1000 by conjugation. Homologous recombination of pRJ20 at the ORF203 locus on the chromosome results in a gene disruption, with the first copy of ORF203 missing 146 bp from its C-terminal coding region and the second copy of ORF203 missing the first 156 bp. ORF208 was disrupted by integrating pRJ19 into the NA1000 chromosome. pRJ19 contains a 320-bp RsaI-SacII fragment internal to ORF208 cloned into the vector pBGST18. This integration generates a copy of ORF208 that is missing 200 bp from its C-terminal coding region and Derivative of pBGS18 that contains an RK2 oriT fragment cloned into the two DraI sites 1 a second copy that lacks the first 90 bp. A 290-bp PCR fragment internal to ORF159 was cloned into pBGST18 and used to disrupt ORF159. A single crossover event generated a disruption of ORF159, with the first copy lacking the last 100 bp and a second copy missing the first 20 bp. Southern blot analyses (24) were performed to confirm the disruption of these ORFs.
Integrations of pRJ19, pRJ20, or pRJ23 into the C. crescentus NA1000 chromosome were achieved by conjugation between S17-1 cells containing these plasmids and NA1000. A mixture of S17-1 donor culture and C. crescentus NA1000 culture was vacuum filtered through a sterile 0.45-m-pore-size filter, and the filter was incubated for 4 h on PYE plates at 30°C. The cells from the filter were resuspended in 0.5 ml of PYE, and 100 l of this suspension was plated on PYE plates containing 20 g of nalidixic acid/ml and 20 g of kanamycin/ml and incubated at 30°C. Chromosomal DNA was isolated from the transconjugants as follows. A 0.5-ml portion of a saturated culture was centrifuged, and the cell pellet was resuspended in 200 l of a solution containing 10 mM Tris-HCl (pH 8.0), 20 mM EDTA, 1% Sarkosyl, and 0.25 mg of RNase A/ml and incubated at 65°C for 10 min. Proteinase K (1 l of a 20-mg/ml solution) was added, and the mixture was incubated at 65°C for 1 h. Ammonium acetate (30 l of a 7.5 M solution) and 1 ml of Magic MiniPrep resin (Promega) were added. This was followed by use of the Magic MiniPrep DNA purification system (Promega) as described by the manufacturer.
Insertion of a spectinomycin cassette in ORF203 and ORF208 was performed as follows. A 2.0-kb BamHI-XbaI fragment containing ORF208 was cloned into pNPTS138, and a 2.0-kb ⍀ Sp r cassette was inserted into the RsaI site of ORF208 to generate pRJ31. A 1.0-kb BamHI-EcoRI fragment containing ORF203 was cloned into pNPTS138, and the 2.0-kb ⍀ Sp r cassette was inserted into the SmaI site of ORF203 to generate pRJ30. pRJ30 or pRJ31 was introduced by conjugation into C. crescentus NA1000. Kan r Sp r integrants that represented a single crossover event between the plasmid and the chromosome were selected and were grown to saturation in liquid cultures without antibiotic selection. Five to ten microliters of the overnight cultures was plated onto plates containing 3% sucrose. Since pRJ30 and pRJ31 contain the sacB gene, which confers sucrose sensitivity, this selected for those strains that had undergone a second recombination event to generate either the wild-type locus or the Sp r interrupted locus. Such colonies were replica plated onto PYE-spectinomycin plates, and the Sp r colonies were chosen for study. Southern blot analysis was used to confirm the double crossover event in each strain. Transduction using CR30 was performed as previously described (9).
Motility assay. The motility of C. crescentus wild-type and mutant strains was analyzed microscopically and by stabbing cultures through the surface of semisolid PYE plates containing 0.3% agar.
Nucleotide sequence accession number. The sequence of the rpoN region has been given GenBank accession no. AF006743.
RESULTS
Sequence analysis of the region flanking the rpoN gene. We determined the DNA sequence downstream of the rpoN gene. Using the fact that the GϩC content of codon third positions is over 90% in expressed ORFs in C. crescentus (36), we found three ORFs that were transcribed in the same direction as rpoN. Although the translational start sites for these three proteins have not been determined experimentally, we assigned the start codons based on the following reasoning. We looked for sequences that have an upstream sequence (a putative ribosome binding site) that best matches the complement of the 3Ј end of C. crescentus 16S RNA (10) . In the case of ORF203 and ORF208 (referred to as ORF3 and ORF4, respectively, in the work of Brun and Shapiro [5] ), the assigned ATG was not preceded by any other potential start codon in the region separating it from the first upstream in-frame stop codon. In the case of ORF159, the first possible start codon is the ATG at position 3175, followed by the TTG at position 3238 (Fig. 1) . We believe that TTG is the start codon because (i) it is preceded by a putative ribosome binding site whereas the ATG is not, (ii) it coincides with the increase in GϩC bias at the codon third position (data not shown), and (iii) the beginning of the predicted protein product best matches those of homologous proteins (Fig. 2B) . The first ORF (nucleotides 1861 to 2473) has a coding capacity of 203 amino acids. The second ORF extends from nucleotides 2536 to 3163 and could encode a protein of 208 amino acids. The third ORF, ORF159, starts at nucleotide 3238 and ends at nucleotide 3718 (Fig. 1) . Directly downstream of ORF159, a run of T residues is preceded by a GϩC-rich sequence of dyad symmetry, suggestive of a rho-independent transcriptional terminator. Sequences downstream from this putative terminator show similarity to an insertion sequence, IS6501, from Brucella ovis (GenBank accession no. X71024) (data not shown).
The predicted protein products of ORF208 and ORF159 show high levels of similarity to those of ORFs located next to rpoN in several bacteria (Fig. 2) . The amino-terminal portion of the ORF208 product shows significant similarity to products of Bradyrhizobium japonicum ORF203 (21), E. coli ORF95 (18) , and Alcaligenes eutrophus ORF130 (38) . The E. coli and A. eutrophus proteins are considerably shorter than their C. crescentus and B. japonicum counterparts. The 100-amino-acid-extra carboxy-terminal region of the ORF208 product is 41% identical to the carboxy-terminal domain of the B. japonicum ORF203 product. ORF159 has similarity to products of B. japonicum ORF154 (21), E. coli ptsN (18) , and Pseudomonas putida ORF154 (15) . Several amino acids (those in positions 65 to 71), including the phosphorylatable histidyl residue (Fig.  2B ) (33) , are fully conserved in the C. crescentus ORF159, suggesting that the activity of C. crescentus ORF159 could be regulated by phosphorylation.
A search of the GenEMBL sequence database (Release 94.0) revealed two genes, exoD from Rhizobium meliloti (32) and exoD from Synechocystis species strain PCC6803, whose protein products have any significant similarity to that of ORF203 (Fig. 3A) . ORF203 is 26% identical and 58% similar to ExoD from R. meliloti. The hydrophobicity plots of ExoD and ORF203 are very similar and are shown for comparison in Fig. 3B . R. meliloti ExoD has 35 extra amino acids at the N terminus compared to ORF203 and Synechocystis ExoD. These proteins have extensive stretches of hydrophobic residues that could serve as transmembrane domains (Fig. 3) . Highly charged regions are found between the hydrophobic regions. These hydrophobic and charged regions are located in the same positions in all three proteins.
We used the PHDhtm neural network system (34) to predict the transmembrane topology of ORF203. This method uses evolutionary information as input and predicts transmembrane helices with 95% accuracy. We aligned the sequences of ORF203 and the two predicted ExoD sequences with the Genetics Computer Group program PILEUP, and the alignment was used as input for PHDhtm. ORF203 is predicted to be a four-transmembrane-domain protein with the following topology: amino acids 1 to 25, 69 to 127, and 194 to 203 encode cytoplasmic domains; amino acids 44 to 47 and 150 to 168 encode periplasmic domains; and amino acids 26 to 43, 48 to 68, 128 to 149, and 169 to 193 encode transmembrane domains. We assume that ORF203 is a cytoplasmic membrane protein because of the absence of a secretion signal sequence. The specific role of ExoD is not known. We thus used PROPSEARCH, a program that uses a notion of similarity based on a set of general sequence properties such as amino acid residue content, average hydrophobicity and charge, content of bulky or small residues, and content of selected amino acid doublets, etc., to search for potentially related proteins. The common characteristic of most of the high-scoring protein matches of known function is that they are involved in transport. For ORF203, the highest-scoring match (80% reliability) was to a heme exporter protein, HelB from Rhodobacter capsulatus (accession no. P29960) (3). Interestingly, given that ORF159 has sequence similarity to PtsN (a nitrogen-related enzyme IIA), the ExoD proteins had significant matches (87% significance) with Pts system IID components.
Operon structure of the C. crescentus rpoN region. (Fig.  4) . The 1.3-kb fragment containing most of the rpoN gene (without its promoter) and the first 80 codons of ORF203 gave background levels of ␤-galactosidase activity when transcriptionally fused to lacZ (Fig. 4, pRJ25) , indicating that ORF203 does not have its own promoter. When the upstream endpoint of the fusion was extended to contain the rpoN promoter (Fig.  4, pRJ27) , ␤-galactosidase activity increased to 3,370 Miller units, a value statistically indistinguishable from that of the rpoN promoter with a downstream fusion endpoint within rpoN (Fig. 4 , BamHI site in pRJ26). These results indicate that rpoN and ORF203 form an operon. The similarity in ␤-galactosidase activities produced by pRJ26 and pRJ27 indicates that the inverted repeat between rpoN and ORF203 does not attenuate transcription during exponential growth (see also next section).
A lacZ transcriptional fusion of the 2.0-kb BamHI-XbaI fragment starting at the end of rpoN and extending 9 bp downstream of ORF159 but upstream of the putative rho-independent terminator indicates the presence of a promoter with a strength comparable to that of the rpoN promoter in this region. pRJ28 produced a ␤-galactosidase activity level of roughly 2,800 Miller units compared to 3,400 Miller units for pRJ26 and pRJ27. We hypothesize that this promoter transcribes both ORF208 and ORF159, although it is possible that each has its own promoter. We do not know if the transcription from the rpoN promoter extends into ORF208 and ORF159. Cell cycle expression in the rpoN region. We investigated whether the presence of an inverted repeat between rpoN and ORF203 has regulatory effects on the temporal transcription of ORF203. pRJ27 (containing a rpoN-lacZ transcriptional fusion including the rpoN promoter and extending into ORF203) and pRJ26 (with an rpoN-lacZ fusion endpoint within rpoN) were introduced into NA1000 separately. The transcription from these fusions was measured by pulse-labeling synchronized cultures for 5 min with [ 35 S]methionine at 15-min intervals during the cell cycle and immunoprecipitating proteins with anti-␤-galactosidase antibody. In these experiments, the rate of ␤-galactosidase synthesis is a measure of the rate of transcription from the promoter fused to lacZ. As a control, flagellin expression was similarly monitored at each time point with an antiflagellin antibody. The rates of synthesis of ␤-galactosidase and flagellin at each time point were quantitated by phosphorimaging and plotted as percentages of the maximal rates (data not shown). Since the rates of ␤-galactosidase synthesis from the two fusions had to be measured in separate experiments, they were normalized relative to flagellin synthesis, which was measured in both experiments. pRJ26 and pRJ27 show essentially the same pattern of transcription. In swarmer cells, the rate of ␤-galactosidase synthesis is less than 25% of its maximal rate. The synthesis of ␤-galactosidase increases at the swarmer- to-stalked-cell transition and peaks in the middle of the cell cycle. ␤-Galactosidase synthesis from both of these plasmids then drops to about 30% of the maximal rate as the predivisional cells divide to give rise to a stalked cell and a swarmer cell. The expression of pRJ27 is shifted slightly compared to that of pRJ26. The maximal level of transcription driven from pRJ27 coincides with the peak of flagellin expression, whereas the transcription driven from pRJ26 peaks before maximal flagellin transcription, as previously shown (5) . Whether this slight difference in timing of ORF203 transcription relative to that of rpoN is important or is simply due to experimental variation is unclear.
The cell cycle transcription of ORF208 and ORF159 was examined in a similar experiment using NA1000 cells that contained the plasmid pRJ28 (Fig. 5) . The synthesis of ␤-galactosidase is low early in the cell cycle, increases threefold between 0.15 and 0.25 cell division units, and remains high until approximately 0.9 cell division units, after which it decreases. Because this transcription pattern is very different from that of other genes that are temporally expressed in C. crescentus, we averaged the data from three independent experiments to confirm the transcription pattern (Fig. 5C) . Thus, these ORFs are transcribed at low levels in swarmer cells and their transcription fluctuates between 60 and 100% of the maximal level in stalked cells and in predivisional cells.
Phenotypic analysis of the ORFs downstream of rpoN. We disrupted each of the ORFs (ORF203, ORF208, and ORF159) by integrating a plasmid containing an internal fragment of the respective ORF into the C. crescentus chromosome by homologous recombination. These disruption mutants were examined by light microscopy and were found to have a normal morphology and stalk length and to respond normally to phosphate starvation. The growth rate of each mutant was identical to that of the wild type. It has been suggested that the hfaA gene, required for proper attachment of the holdfast to the stalk in C. crescentus, may be controlled by a 54 promoter (22) . Since the NA1000 strain in which these mutants were first constructed does not synthesize a holdfast, we transduced the mutations in each of the ORFs (ORF203, ORF208, and ORF159) to a CB15 strain and examined the mutants for the presence of holdfast by light microscopy. The mutants are indistinguishable from CB15 in their ability to form rosettes, indicating that ORF203, ORF208, and ORF159 are not required for holdfast synthesis or attachment (data not shown). Because of the similarity of ORF159 to PtsN and other Pts proteins, we tested the ability of the ORF159 mutant to grow with lactose, xylose, sucrose, or maltose as the carbon source. We also tested the ability of the ORF159 mutant to grow with ammonium chloride, glutamic acid, arginine, asparagine, or histidine as the nitrogen source. The same tests were also performed on the ORF203 and ORF208 mutants. None of the mutants showed any growth differences compared to a wildtype strain. It should be noted that bacteria that utilize the Entner-Douderoff pathway, as does C. crescentus, do not possess a sugar-Pts system and that previous attempts at detecting a sugar-Pts system in C. crescentus have been unsuccessful (34a). As C. crescentus 54 is involved in the transcription of flagellar genes and genes downstream of rpoN have been implicated in modulating 54 activity in other bacteria, we performed swarming assays by stabbing each mutant into PYE swarm agar (data not shown). None of the mutants showed altered swarming compared to the wild type.
We then examined the expression of several flagellar genes in each mutant ( Table 2 ). This was done by introducing plasmids containing transcriptional fusions of various flagellar genes to a lacZ reporter gene into YB1245, YB1246, YB1270, and YB1306 and assaying for ␤-galactosidase activity. Genes that belong to class II of the flagellar regulatory hierarchy are expressed early in the cell cycle, whereas class III and class IV flagellar genes are expressed later in the cell cycle by 54 . The results in Table 2 are averages of at least three independent assays. The transcription of three class II promoters, fliQR, fliF, and rpoN, was unaffected in any of the mutants. Two class III flagellar genes with 54 promoters, flgF and flbG, are also expressed at the same levels in wild-type cells and in the mutants. Among the class IV flagellar genes examined, the expression of fljL is unaffected in the mutants. The only gene whose expression is affected in any of the mutants is fljK, whose expression reproducibly drops by 30% in YB1270 (ORF159:: pRJ23). This is interesting, as previous evidence suggests that the fljK promoter is regulated differently from the fljL promoter. Unlike expression of other class III and class IV flagellar promoters, expression of fljK does not require any of the class II flagellar gene products except those of the regulatory genes rpoN and flbD (39) . Thus, fljK is the only flagellar gene whose transcription is not influenced by flagellar assembly cues.
Insertional disruption of ORF203 causes the accumulation of secondary mutations that affect growth at high cell density. The ORF203 disruption caused by integration of pRJ20 removes only 146 bp from the C-terminus-encoding region of the gene, leaving most of the protein product intact. The possibility that the removal of the last putative transmembrane domain might not inactivate the protein (since three of the four putative transmembrane domains were still intact) led us to construct a second disruption of ORF203 (YB1293; ORF203::⍀).
As ORF203 shows significant similarity to ExoD from R. meliloti (32), we decided to examine whether YB1293 displayed any of the characteristics of an exoD mutant. Mutants in exoD were isolated based on their reduced fluorescence in the presence of the dye Calcofluor white, which binds to extracellular heteropolysaccharide. When NA1000 and YB1293 were grown on PYE plates containing 0.02% Calcofluor, there was no significant difference in the fluorescence emitted by the two strains (data not shown). The growth curves of NA1000 and YB1293 were compared by measuring optical densities and cell counts at various time points (Fig. 6A) . YB1293 grows at the same rate as wild-type cultures in exponential phase but reaches higher optical densities in stationary phase. The CFU indicate that the numbers of wild-type and mutant cells are similar in stationary phase despite the difference in optical density. Previous experiments have indicated that the proportion of swarmer cells increases in late exponential phase (14) . We confirmed these results by separating and quantitating swarmer cells from all other cell types using density centrifugation of culture aliquots from different stages of a growth curve in PYE. There is a dramatic increase in the proportion of swarmer cells, from 35 to 60%, between optical densities of 0.9 and 0.97 at 660 nm. After 4 h, the proportion of swarmer cells decreased as they differentiated and arrested mostly at the predivisional stage, causing an increase of the optical density at 660 nm to 1.04. One explanation for the higher optical densities of YB1293 compared to NA1000 could be the delayed accumulation of swarmer cells. This was indeed found to be the case. While 60% of cells in a wild-type culture were swarmer cells at an optical density of 0.95 at 660 nm, this burst of swarmers was seen only at an optical density of 1.2 at 660 nm in YB1293 (Fig. 6B) . The subsequent differentiation of swarmer cells and arrest at the predivisional cell stage caused an increase of the optical density at 660 nm to 1.30.
We were unable to complement the YB1293 growth phenotype with a cosmid (A11) that contains 30 kb of DNA spanning the rpoN-ORF203 locus. In addition, transduction of spectinomycin resistance, and therefore the disruption of ORF203, from YB1293 to NA1000 did not transduce the growth phenotype. We conclude that the phenotype being observed is due to a second mutation that is unlinked to ORF203. Upon restreaking on solid media, some of the ORF203::⍀ transductants accumulated secondary mutations that gave a growth phenotype similar to that of YB1293. The data obtained so far is consistent with the hypothesis that disruptions in ORF203 cause C. crescentus cells to accumulate secondary mutations that cause them to grow to higher densities than wild-type cells. At this point, it is not clear why secondary mutations arise when ORF203 is disrupted.
DISCUSSION
We have determined the nucleotide sequences of three ORFs downstream of rpoN in C. crescentus. Sequences homologous to ORF208 and ORF159 have been found downstream of rpoN in a number of bacteria, including E. coli (18) , K. pneu- (38) . Even though ORF208 and ORF159 are usually found downstream of rpoN, little is known about whether they are cotranscribed in most bacteria. Maxicell and T7 promoter analysis in E. coli (18) and complementation analysis of mutations in either ORF in P. aeruginosa (16) suggest that the downstream ORFs are cotranscribed with rpoN in these bacteria. Primer extension revealed that rpoN and the ORF95 homolog in Acinetobacter calcoaceticus have independent transcription start sites (8) . In P. putida, analysis of mRNA transcripts and insertional mutagenesis showed that rpoN is transcribed separately from the two downstream genes (20) . Our results indicate that in C. crescentus, rpoN and ORF203 are cotranscribed. ORF203 displays the same pattern of expression as rpoN, with the peak of maximal expression slightly shifted compared to rpoN. We have also shown that there is a temporally regulated promoter downstream from rpoN and ORF203 which could transcribe ORF208 or ORF159 or both. The transcription from this promoter is stimulated earlier than that from rpoN, and there is a broader window of expression compared to rpoN. Thus, even though the homologs of ORF208 and ORF159 are usually found downstream of rpoN, they are not necessarily part of the rpoN operon.
The genes corresponding to ORF208 and ORF159 downstream of rpoN are thought to regulate the transcription of 54 -dependent genes. In K. pneumoniae, mutations in these ORFs cause an increase in the expression of nif promoters that are regulated by 54 without affecting the expression of rpoN. This led to the proposal that these gene products negatively regulate 54 activity (26) . In P. aeruginosa, mutations in ORF1 (an ORF208 homolog) and ORF2 (an ORF159 homolog) have no effect on the expression of 54 -dependent pilin or flagellin genes, but ORF2 mutants display growth defects similar to those of an rpoN mutant in minimal media. This suggests that ORF2 affects only a subset of 54 -controlled genes (16) . Thus, both positive and negative roles have been assigned to these gene products. In E. coli, mutations in ptsN, the homolog of ORF159, suppress mutations in the essential GTPase Era. However, mutations in ptsN have no effect on the expression of the 54 -dependent glnAp2 promoter (29) . It has been suggested that PtsN affects nitrogen-carbon coordination in E. coli, as ptsN mutants are unable to utilize alanine as a sole nitrogen source in the presence of poor carbon sources such as tricarboxylic acid cycle intermediates. In C. crescentus, ORF203 and ORF208 are not involved in modulating expression of any of the known 54 -dependent flagellar promoters. ORF159 appears to be involved in fine tuning the expression from the fljK promoter only and is not involved in modulating expression from any of the other known flagellar promoters that are dependent on 54 . Functional analysis of ORF208 and ORF159 indicates that they are not involved in any of the processes known to depend on rpoN in C. crescentus. It is, how-FIG. 6. Phenotype of an ORF203 insertion mutant strain. (A) Comparison of growth curves and CFU of NA1000 (wild type) and YB1293. Wild-type C. crescentus and YB1293 were grown overnight in PYE medium to saturation. These cultures were used to inoculate PYE medium to give an optical density at 660 nm of 0.075 at time zero. Aliquots were subsequently removed for optical density readings and viable cell counts. CFU were measured by plating duplicate samples on PYE plates. The graph depicts the optical densities of the wild type (ᮀ) and YB1293 (}) and the CFU of the wild type (E) and YB1293 (å) plotted against time. (B) Comparison of percentages of swarmers of NA1000 and YB1293 through a growth curve. Wild-type C. crescentus and YB1293 were grown overnight in PYE medium to saturation. These cultures were used to inoculate PYE medium to give an optical density at 660 nm of 0.1 at time zero. Aliquots were subsequently removed for optical density readings, and swarmer cells were isolated at each time point by density centrifugation. The percent swarmer cells was calculated by dividing the optical density at 660 nm of the swarmer band by the sum of the optical densities at 660 nm of the swarmer band and the stalked band. The graph depicts the percent swarmers of the wild type (ᮀ) and YB1293 (å) plotted against optical densities of these cultures. ever, possible that these gene products modulate the expression from other as yet unknown genes that are regulated by 54 in C. crescentus, as has been suggested for ORF2 (an ORF159 homolog) in P. aeruginosa (16) . In bacteria, genes organized in operons usually have related functions. Since ORF203 is cotranscribed with rpoN in C. crescentus and since rpoN is required for the transcription of flagellar genes, we investigated whether disruption of ORF203 had any effect on the expression of several flagellar genes that are regulated by 54 . The absence of this putative membrane protein did not affect the expression of the flagellar promoters tested. ORF203 exhibits similarity to the gene products of exoD from R. meliloti (32) and exoD from Synechocystis. Although the specific role of ExoD is not yet known, there are several hints about the function of ExoD. R. meliloti ExoD has several stretches of hydrophobic amino acids and is proposed to be located in the cytoplasmic membrane (31) . Our analysis predicts that ORF203 is also a cytoplasmic membrane protein containing four transmembrane domains. R. meliloti exoD mutants produce altered amounts of an acidic exopolysaccharide and are deficient in invasion of alfalfa nodules (32) . The ability of exoD mutants to infect nodules is restored by buffering the plant growth medium at an acidic pH. Thus, the absence of ExoD leads to sensitivity to alkaline conditions (31) . ORF203 mutants produce the same amount of acidic polysaccharide as wild-type cells, as measured by Calcofluor binding. The only effect of disrupting ORF203 is the accumulation of secondary mutations that cause cultures to grow to higher cell density, presumably because of an inability to produce or to sense a signal that causes swarmer cells to accumulate in late exponential phase. Interestingly, we have found that a rpoN::Tn5 mutant also grows to a higher cell density than wild-type cells (data not shown). This could be due to a polar effect of a mutation on ORF203 or to a direct role of rpoN in swarmer cell accumulation in late exponential phase.
